A method and an experimental measurement setup to accurately characterize the instrument transfer function in the spectral domain for hyperspectral spectrometers in the ultraviolet-visible wavelength range are described. The application to the on-ground calibration of the Ozone Monitoring Instrument (OMI) on board the Earth Observing System Aura satellite is presented and discussed. With this method and setup, based on an echelle grating, a sampling of the instrument transfer function in the spectral domain can be selected and is not limited by the spectral resolution and sampling of the spectrometer that is being characterized. The importance of accurately knowing the OMI instrument transfer functions in the spectral domain for in-flight differential optical absorption spectroscopy retrievals and wavelength calibration is discussed. The analysis of the OMI measurement data is presented and shows that the instrument transfer functions in the spectral domain as a function of wavelength and viewing angle can be determined with high accuracy.
Introduction
The Ozone Monitoring Instrument (OMI) was launched on board the Earth Observing System (EOS) Aura satellite on 15 July 2004. The OMI is a hyperspectral instrument that passively probes the backscattered sunlight from the Earth's atmosphere in nadir in the spectral range of 270-500 nm. The instrument is equipped with two two-dimensional CCD detectors that allow us to obtain daily global coverage at the equator with high spatial resolution. The telescope is designed to provide a cross-track field of view of 115°. The mission objectives of the OMI concern the recovery of the ozone layer, the depletion of ozone at the poles, tropospheric air pollution, and climate change. The Earth atmospheric retrieval techniques applied to OMI measurement data include algorithms developed for the NASA Total Ozone Mapping Spectrometer (TOMS) instrument 1 and differential optical absorption spectroscopy [2] [3] [4] (DOAS) algorithms developed for the OMI at the Royal Netherlands Meteorological Institute (KNMI).
Total column measurements of ozone, nitrogen dioxide, and other trace gases are routinely made. The vertical distribution of ozone is determined by a method that makes use of the rapid increase in the ozone absorption cross section toward shorter wavelengths (Hartley bands). 5, 6 The OMI follows in the footsteps of predecessor instruments such as the Global Ozone Monitoring Experiment (GOME), the Scanning Imaging Absorption Spectrometer for Atmospheric Cartography (SCIAMACHY), the TOMS, and the Solar Backscatter Ultraviolet (SBUV) instrument.
For the OMI various of the Earth's atmospheric constituents and trace gases are retrieved using DOAS, [2] [3] [4] for which an accurate characterization of the spectral instrument transfer function is essential. These gases include ozone ͑331.6-336.6 nm͒, nitrogen dioxide ͑405-465 nm͒, formaldehyde ͑324-357 nm͒, BrO ͑323-347 nm͒, and OClO ͑363-402 nm͒. The retrieval techniques for these constituents are based on comparing the measured Sun-normalized Earth radiances (also called Earth reflectances) to highresolution absorption cross-section spectra from the literature convolved with the OMI instrument transfer function (ITF) in the spectral domain. The absorption cross-section data from the literature have been obtained with dedicated experimental equipment un-der closely monitored experimental conditions (i.e., temperature and pressure). Early in the OMI project the choice was made to follow this approach for DOAS-type retrievals. In an earlier publication the validity of the retrieval approach was discussed and demonstrated. 7 The alternative approach of using reference absorption spectra obtained with the instrument itself at various temperatures and pressures is not employed in the OMI project.
An accurate characterization of the ITF in the spectral domain is essential for the retrieval of the Earth's atmospheric constituents from the OMI measurement data. The ITF in the spectral domain is the instrument response to a monochromatic input signal. It is the monochromatic image of the entrance slit of the spectrometer on the CCD detector convolved with the response function of the detector. Furthermore, the OMI in-flight spectral calibration is done with the solar Fraunhofer lines (both Earth and Sun spectra) and atmospheric absorption lines (Earth spectra). The measured spectra are spectrally compared to a high-resolution solar spectrum and to trace gas absorption spectra from the literature convolved with the ITFs. Hence an accurate characterization of the ITF is also important for accurate in-flight spectral calibration of the measured Earth and Sun spectra. For the OMI the ITF depends on wavelength (the column or horizontal dimension on the CCD detectors) and viewing direction (the row or vertical dimension on the CCD detectors). Both dependencies must be characterized accurately. It is also important, given the applications for the OMI, to know the ITF accurately up to wavelengths 3 from the wavelength corresponding to the maximum of the ITF, where the instrument response typically becomes lower than 1% of the maximum. In this paper is the FWHM, or simply the width, of the profile. Given the above applications in the OMI project, the required scientific accuracy for the ITF has been set to 2% within Ϯ2 of the ITF maximum and 10% between Ϯ2 and Ϯ3. This is the accuracy with which the ITF needs to be characterized.
For the OMI a dedicated method and an experimental setup based on an echelle grating were developed to characterize the ITF accurately as a function of wavelength and viewing direction on the ground. This is the subject of this paper. The OMI optical design will be described briefly in Section 2. Subsequently, the experimental setup for characterizing the ITF and the analysis of the measurement data will be described. It will be shown that with this equipment and these analysis methods the ITF in the spectral domain can be characterized with the required high accuracy.
Ozone Monitoring Instrument
The OMI is equipped with a telescope system that enables the observation of the Earth at an altitude of approximately 700 km with an instantaneous cross-track field of view of 115°with daily global coverage at the equator. The telescope, consisting of a primary convex telescope mirror, a polarization scrambler, and a secondary convex telescope mirror, images the Earth's light onto the spectrometer's entrance slit ͑44 mm long, 0.3 mm wide). The instrument has separate UV and visible (VIS) optical channels each equipped with a 780 pixel ϫ 576 pixel CCD detector that is operated in binned mode with a binning factor of 8 (global mode) to provide spectra of 780 pixels in the spectral dimension and 60 pixels in the viewing direction dimension. The resulting ground pixel sizes per channel are listed in Table 1 , along with a number of other OMI parameters. The UV channel is optically divided into a wavelength range below 311 nm (UV1) and one A folding mirror located on another mechanism reflects the sunlight to the polarization scrambler and the remainder of the optical system while blocking the Earth's light. The remainder of the optical system, including the secondary telescope mirror and the entrance slit of the spectrometer, is exactly the same for the Sun and Earth viewing modes. The OMI is also equipped with a white-light source that illuminates the entire entrance slit by means of a transmission diffuser. The white-light source is used mainly for detector calibration purposes. For on-ground measurements there was also a possibility of illuminating the transmission diffuser by means of the whitelight-source path using external light sources. This optical path is called the calibration port. The Sun port, the white-light-source port, and the calibration port have in common that they can all illuminate the entire entrance slit of the spectrometer with more or less parallel beams. To achieve this in the Earth mode the complete 115°field of view needs to be illuminated. The calibration port of the OMI was used on the ground for the ITF characterization measurements described in this paper. In this way all viewing directions could be investigated simultaneously. Further details on the optical and electronic design of the OMI can be found in Refs. 8 -15.
Instrument Transfer Function Characterization Measurements and Results

A. Echelle-Grating Instrument Transfer Function Characterization Setup and Measurements
The optical configuration of the echelle ITF characterization optical stimulus is schematically shown in Fig. 1 . 16 A 150 W high-pressure xenon arc discharge lamp is imaged by a Schwartzschild mirror configuration on the entrance slit of an echelle monochromator. The light passing through the input slit is imaged as a parallel beam on the echelle grating by the concave mirror to the left in Fig. 1 . The echelle grating is illuminated at grazing incidence, and the diffracted beam travels back almost in the same direction as the initial white-light beam. The output slit transmits only a small part of the echelle spectrum. A system of two convex lenses, not shown in Fig. 1 , parallellizes the beam toward the OMI, which is located in the thermal-vacuum chamber at flight-representative temperature (optical bench, 264 K; detectors, 265 K) and pressure ͑Ͻ10 Ϫ5 mbar͒ environmental conditions. The echelle optical stimulus beam with a diameter of approximately 50 mm illuminated the OMI calibration port homogeneously, which enables accurate ITF characterization measurements of all pertinent viewing angles simultaneously.
It is of crucial importance for accurate characterization of the ITF in the spectral domain that the 0.3 mm width of the OMI entrance slit be illuminated homogeneously or unrepresentative ITFs will be obtained. The exit beam of the echelle-grating optical stimulus is sufficiently spatially uniform for all wavelengths in the range of 270-500 nm. The transmission diffuser inside the OMI in the calibration port optical path improves this uniformity further, thus ensuring that the width of the OMI entrance slit is illuminated homogeneously.
The echelle grating, which is made from zerodur with an aluminum coating, is the most critical com- 
where d is the grating constant of 1.39 ϫ 10 Ϫ5 m, is the air wavelength, i is the angle of incidence of approximately 74.5°, d is the angle of diffraction of approximately 75.5°, and m is the grating diffraction order. These echelle-grating properties result in an exit beam that contains many spectrally narrow orders: in the OMI UV1 channel approximately 15 orders (from m ϭ 87 to 101 at an incidence angle of approximately 74.5°), in the UV2 channel approximately 18 orders (from m ϭ 70 to 87 at an incidence angle of approximately 74.5°), and in the VIS channel approximately 23 orders (from m ϭ 54 to 76 at an incidence angle of approximately 74.5°). An example of a measured spectrum is shown in Fig. 2 for the central nadir row. The peak separation between adjacent orders is smaller for lower wavelengths in the UV1 channel (approximately 2.7 nm at 266 nm between m ϭ 100 and 101) and larger for higher wavelengths in the VIS channel (approximately 9.0 nm at 496 nm between m ϭ 54 and 55).
The entrance and exit slits of the echelle-grating optical stimulus can be chosen from three sets: nominal resolution ͑0.5 mm ϫ 8.0 mm͒, medium resolution ͑1.0 mm ϫ 8.0 mm͒, or low resolution ͑2.0 mm ϫ 8.0 mm͒. The entrance and exit slits are the same size. In these ranges of slit widths the spectral widths of the output grating orders scale linearly with the widths of the slits, whereas the output flux scales quadratically with the widths of the slits. For the OMI measurements slits with a width of 0.5 mm were used. For these slits the FWHM ⌬ of the spectral grating orders in the exit beam was calculated. The results are shown in Table 2 . Over the spectral range of the OMI, ⌬ varies from 0.028 nm at 270 nm to 0.053 nm at 500 nm, which is at least an order of magnitude lower than the spectral resolution of the OMI at these wavelengths (see Table 1 ). This is an important prerequisite for accurate ITF characterterization measurements, because otherwise the width of the grating order lines cannot be neglected in the ITF measurement analysis.
The echelle grating is located on a computercontrolled rotational stage, which enables accurate and reproducible angle movement of the grating. During the OMI measurements an angular step size of 0.02°was employed, corresponding to a wavelength shift of approximately 0.04 nm for an order near 490 nm. This feature of the echelle-grating ITF characterization optical stimulus is one of the more essential ones. An echelle stimulus spectrum at a fixed grating position as measured by the OMI shows ITF profiles of all grating orders present in the stimulus exit beam with at most five measurement points (CCD pixels) per line at the viewing direction under consideration, as shown in the top panel of Fig. 3 . However, if we focus on the response of a single CCD detector pixel as a function of an echelle-grating rotation angle, the number of sampling points in the measured ITF is determined by the step size of the grating rotation, as shown in the lower panel of Fig. 3 , rather than by the spectral sampling and resolution of the OMI, as would be the case for conventional methods of determining the ITF. This measurement principle enables a characterization of the ITF using typically ten times more sampling points to fit the ITF response shape accurately. For the OMI measurements the echelle grating was scanned over a 5°angular range centered around the blaze angle of 76°. At the blaze angle the reflection efficiency of the grating is maximal, so, by scanning around this angle, the highest stimulus output is obtained. With the 5°scanning range every detector pixel sees the complete passage of at least one grating order. The measurements were performed with the OMI in a thermal-vacuum chamber at flightrepresentative thermal-vacuum conditions (with an optical bench temperature of 264 K). This is important, because the ITFs are expected to change with the temperature of the optical bench. By illuminating the instrument by means of the calibration port transmission diffuser, all CCD rows are illuminated instantaneously. The ITFs for all viewing directions and wavelengths are measured in one measurement run, which takes approximately 24 h. It is important to correct for the echelle-grating efficiency variation as a function of rotation angle and for the stray light originating from the grating in the optical stimulus. Both corrections are discussed in detail in the Subsection 3.B.
The echelle-grating ITF characterization optical stimulus has also been used to derive the on-ground spectral calibration of the OMI. Whereas accurate knowledge of the wavelengths of the grating order peaks is not important for characterization of the ITFs, it is important for performing the wavelength calibration of the OMI. The actual optical stimulus parameters are known with insufficient accuracy for this purpose, and for this reason the stimulus has to be commissioned with respect to external sources. The OMI wavelength calibration is described by polynomial expressions in the column dimension (wavelength dimension) for each row (viewing direction) and for each optical channel (UV1, UV2, and VIS). By using the echelle-grating optical stimulus all polynomial coefficients but the zero-order term (independent of column) can be calibrated accurately. The zero-order coefficient was determined by comparing the echelle stimulus measurements to measurements with a hollow-cathode low-pressure PtCrNeAr discharge lamp, for which the emission line wavelengths are known with high accuracy. This enabled a prelaunch wavelength calibration to an accuracy of about 0.1 pixel, which is the requirement for prelaunch spectral calibration accuracy. The in-flight wavelength scale is obtained by fitting the solar Fraunhofer absorption lines and the absorption lines from the Earth's atmospheric constituents and trace gases in the measured spectra to a high resolution solar spectrum 17 and to the absorption cross-section literature reference spectra for the Earth's atmospheric constituents and trace gases until an optimal match is found at all pertinent wavelengths. This calibration, which will not be discussed in further detail here, has an accuracy of about 0.01 pixels, Fig. 3 . The ITF of the OMI in the spectral domain is typically sampled by 4 -5 detector pixels. By using the dedicated echellegrating ITF characterization optical stimulus a sampling of the ITF that is ten times higher is obtained. The plots to the left compare a spectral peak registered by the OMI CCD in the UV1 channel (upper plot) to the same peak sampled using the ITF characterization optical stimulus (lower plot). The same for the UV2 (middle) and VIS channels (right). which equals the scientific requirement for in-flight spectral calibration accuracy. The in-flight requirement for spectral calibration accuracy is determined by the application of the DOAS retrieval technique to obtain the concentrations of the Earth's various atmospheric constituents and trace gases.
The possibilities of the echelle-grating ITF characterization optical stimulus can be compared to the possibilities of the traditional method of using a hollow-cathode low-pressure discharge lamp (e.g., PtCrNeAr) and to the possibilities of using a wavelength-tunable laser. The echelle-grating optical stimulus has a large number of spectrally narrow (compared to the OMI sampling and resolution) and well-separated lines, whereas the discharge lamp has a large number of narrow lines, which are often blended and not always optimally distributed over the wavelength range. A wavelength-tunable laser emits only one nearly monochromatic spectral line, and to cover a large wavelength range from ultraviolet to visible or even near-infrared, a specialized and complex laser setup is required. Both the echelle grating and laser setups are tunable over very small wavelength changes. This is not the case for the spectral lamp. A laser has significantly higher output flux than the echelle-grating stimulus or the spectral lamp, but the advantage in measurement time is lost by the fact that the laser emits only one line, whereas the other two sources can measure different wavelength regions at the same time. Thus the total measurement time will be comparable. A narrow laser beam will need to be expanded to fill the entrance slit of the instrument homogeneously, which further reduces the flux. A tunable laser is optimally suited for characterizing the ITF outside 2-3 from the spectral peak maximum. This is more difficult for the spectral lamp, given the line blending, and for the echellegrating stimulus, which has to be corrected for the spectral stray light in between the grating order peaks (see Subsection 3.B).
B. Echelle-Grating Instrument Transfer Function Results
During the OMI on-ground calibration-phase ITF measurements, five unbinned CCD images (576 rows) were recorded for every echelle-grating position. These images were averaged to improve the signal-to-noise ratio (SNR) of the measurements. The CCD dark current signal was corrected for by subtracting a dedicated measurement performed with the stimulus switched off. Furthermore, the measurement data were corrected for all OMI detector and electronic settings. The OMI ITF is determined by measuring the response of a CCD pixel to a passing echelle peak of the optical stimulus. This is measured simultaneously for all CCD pixels, i.e., all wavelengths and viewing angles. The rotation of the grating changes the incidence and diffraction angles on the echelle grating. This changes the wavelengths of the diffraction orders according to Eq. (1). The rotation of the grating also influences the intensity of the peaks in the output beam, as the grating efficiency depends on i and d . As a consequence the measured signal in each CCD pixel consists of the combined effect of the ITF response to a passing echelle peak and the more slowly varying intensity of that peak. For an accurate characterization of the ITF there must be a correction for the latter effect. The intensity variations as a function of grating angle have to be corrected for each grating order individually, because the grating efficiency change as a function of illumination geometry is wavelength dependent. The use of a broadband detector to monitor the output of the stimulus for this purpose is not sufficient because this detector records the integrated reflectivity of the grating over all wavelengths rather than the wavelength-dependent intensity as a function of the grating rotation angle. This would make the grating efficiency correction far less accurate and reduce the accuracy of the ITF characterization. The relation between the peak intensities and the grating angles was determined by fitting the position and amplitude of each grating order peak within the OMI wavelength range as it moves over the CCD detector. By using the known radiometric sensitivity of the OMI as a function of wavelength and viewing angle, the relative output flux of each peak in the optical stimulus output beam as a function of the grating position is calibrated. The radiometrically calibrated OMI is thus used to calibrate the wavelengthdependent output flux of the echelle-grating ITF characterization optical stimulus. The stimulus output flux correction is accurate to about 1.5%.
The images recorded by the OMI also need to be corrected for the spectral stray light originating from the echelle optical stimulus itself. This spectral stray light originates mainly from the echelle grating and shows up as a more or less wavelength-independent background, as can be seen in Fig. 2 . At low signal levels, i.e., at wavelength separations of more than 3 from the maximum of the ITF response, it becomes increasingly difficult to distinguish between spectral stray light from the optical stimulus and the wings of the ITF itself. This is a disadvantage of the echellegrating ITF characterization optical stimulus as compared to a wavelength tunable laser, for example, for which the spectral stray light at wavelengths 3 from the maximum of the ITF response can be made negligible. For the echelle-grating optical stimulus the spectral stray light was minimized in the design by the use of baffles and the entrance and exit slits, but the stray light cannot be neglected in the data analysis.
Both the spectral distribution and the intensity of the spectral stray light originating from the optical stimulus depend on the echelle-grating position. This necessitates determining the shape of the stray light background for measurements at each grating position before applying the stray light correction. The shape of the stray light background as a function of wavelength is determined by interpolating between the signal levels in between the grating order peaks. The magnitude of the optical stimulus spectral stray light increases from approximately 2% in the VIS channel to approximately 10% in the UV1 channel. Independent spectral stray light measurements on the OMI using different optical stimuli have con- firmed that the stray light observed in the echellegrating optical stimulus measurements originates from the stimulus itself rather than from the OMI for which the spectral stray light is much smaller. 8 With the method described above the accuracy of the stray light correction from the optical stimulus is approximately 1% within Ϯ2 from the maximum of the ITF profile and approximately 10% between Ϯ2 and Ϯ3, where the useful signals of the ITF profile are much smaller. Given the SNR (uncertainty smaller than 0.5%), reproducibility, and accuracy of the radiometric ͑1.5%͒ and stimulus stray light corrections (see above), the accuracy of the measured OMI ITFs as a function of wavelength and viewing angle is ͑1.9%͒ within Ϯ2 of the profile maximum and approximately 10% between Ϯ2 and Ϯ3 of the profile maximum, which is within the required numbers of 2% and 10%, respectively. The individual uncertainties are independent of each other.
It was found that the measured ITF profiles can be fitted adequately by the following analytical function:
where A 0 represents the amplitude; x 0 is the central position; w 0 is the width of the Gauss term; and A 1 , x 1 , and w 1 represent the same parameters for the second term. This function combines a standard Gauss function and a term that yields a profile that has steeper flanks and a flatter top than the regular Gauss function. This function is well suited to describe symmetrical Gaussian-shaped profiles, as well as broadened and asymmetrical profiles as measured for the OMI ITF. Figure 3 shows that the ITF in the UV1 optical channel can be described adequately by a simple Gaussian, whereas the ITFs in the UV2 and VIS channels are shaped differently, which necessitates the use of both terms in Eq. (2) . The FWHM of the ITF directly relates to the spectral resolution of the OMI and is in the case of the UV1 channel calculated directly from the fitted Gauss parameter w 0 . For the UV2 and VIS channels there is no simple analytical expression for the ITF FWHM and it is therefore calculated numerically. The measured and analyzed ITF profiles are fitted for all rows (viewing directions) and for all columns (wavelengths) in all spectral channels with the analytical function described in Eq. (2). The variation of the ITF spectral width as a function of channel, wavelength, and row number (viewing angle) is shown in Figs. 4 -9. Figures 4, 6 , and 8 show the surface plots of all variables, and Figs. 5, 7, and 9 show the crosssection plots of the ITF spectral width for all three spectral channels. As can be seen from the figures, the ITF width depends on both wavelength and row number. For the UV2 and the VIS channels the width of the ITF varies approximately 5% with wavelength, whereas the variation with row numbers is considerably smaller. In the UV1 channel these variations are larger with up to a 10% variation in width in the row direction and as much as a 20% variation in the spectral direction. Furthermore, a discontinuous behavior of the ITF width is observed at approximately 305 nm. From 295 to 305 nm the width increases with wavelength and then suddenly decreases from 305 to 310 nm. The onset of the observed discontinuous behavior coincides with the beginning of the UV1͞UV2 overlap region. This behavior is caused by the segmented mirror that is used to separate the UV1 and UV2 channels in the OMI. 8 In the UV channel an intermediate spectrum is imaged on a segmented mirror that reflects the part of the spectrum below 310 nm into the UV1 channel and the wavelengths above 310 nm into the UV2 channel. Wavelengths in the overlap region of 305-310 nm end up in both channels, which effectively causes a vignetting of the beam, resulting in a narrower ITF for the wavelengths involved. Figure 10 illustrates the asymmetry in the VIS channel. The difference in the absolute wavelength differences between the wavelengths at the profile maximum and at half-maximum is shown as a function of wavelength and row number (viewing angle). For nearly all viewing angles and wavelengths the measured ITF is asymmetric, except for the cases where the vertical axis value equals zero. Figure 11 shows the measured and fitted profile at row 499 and wavelength 470 nm in the VIS channel. This profile is asymmetric, in agreement with the results shown in Fig. 10 . Figure 12 shows the amplitudes and ratio of the amplitudes of the two terms in Eq. (2) for row 300 in the UV2 and VIS channels. In the UV2 channel the Gaussian-term contribution decreases with increasing wavelength while the contribution of the already dominant second term increases with increasing wavelength. In the VIS channel the second term in Eq. (2) is equally dominant over the first Gaussian term for all wavelengths. Figure 13 shows a similar plot for the wavelength difference x 1 Ϫ x 0 . This plot also shows that the measured ITF profile is asymmetric in the VIS channel and more symmetric in the UV2 channel. Figure 14 shows the ratio of the widths of the two terms in Eq. (2) for row 300 in the UV2 and VIS channels.
Conclusions
A measurement method and an echelle-gratingbased experimental setup to accurately characterize the wavelength-dependent ITFs in the spectral domain of hyperspectral spectrometers have been presented. The application of this method in the onground calibration of the Earth Observing System OMI has been shown. The most important feature of this new method is that the sampling of the measured ITFs in the spectral domain can be chosen from the measurement setup and is not limited by the resolution or sampling rate of the spectrometer that is being characterized. The OMI spectral ITFs in the spectral domain have been characterized with high accuracy and within the requirements as a function of wavelength and viewing angle. The necessary steps to correct and analyze the data have been described. An accurate knowledge of the OMI ITF in the spectral domain is essential for the Earth's atmospheric constituent retrieval algorithms and for in-flight wavelength calibration.
